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Abstract

A little more than two decades after the introduction of the first microcavity plasma

devices, a growing body of commercial products based on the remarkable

properties of these low‐temperature, atmospheric plasmas is now available.

Following a brief review of early microplasma lamp development, this article

describes microplasma‐based devices and systems currently being manufactured for

applications in photolithography, photopatterning, and other nanofabrication

processes, such as atomic layer

deposition, spectroscopic identi-

fication and analysis of materials

(including wide bandgap crys-

tals), the disinfection of drinking

water in off‐grid communities,

deactivating COVID‐19 and

other pathogens in air and on

surfaces in public spaces, and

vacuum ultraviolet lamps for

driving atomic clocks. The

microplasma‐based treatment

of otitis media in the human

ear will also be discussed.

Plasma Process Polym. 2022;e2200075 www.plasma-polymers.com | 1 of 27
https://doi.org/10.1002/ppap.202200075

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Plasma Processes and Polymers published by Wiley‐VCH GmbH.

Jinhong Kim and Andrey E. Mironov have contributed equally to this study.

http://orcid.org/0000-0003-4974-8530
mailto:jgeden@illinois.edu
https://www.plasma-polymers.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fppap.202200075&domain=pdf&date_stamp=2022-08-17


2R42AI125006‐02A1; Defense Advanced
Research Projects Agency,
Grant/Award Number: JPL No. 1562980;
U.S. Department of Energy,
Grant/Award Number: DE‐SC0021718

KEYWORD S

biofilm deactivation, disinfection, microplasma, ozone generation, photolithography,
vacuum ultraviolet

1 | INTRODUCTION

The advent of microcavity plasmas in the mid‐1990s[1–4]

has led, over the past decade, to the commercialization of
both photonic and plasmachemical products, each of
which owes its origin to at least one property unique to
microplasmas. This article is devoted to a brief overview
of the commercialization of products that have emerged
from microcavity plasma technology, focusing on their
applications in photolithography and nanopatterning
through vacuum ultraviolet (VUV) solid‐state photo-
chemistry, impurity and structural analysis in wide
bandgap materials, UV/VUV disinfection of air and
surfaces during the COVID‐19 pandemic, and the
generation of ozone for the disinfection of drinking
water. More recent applications in plasma‐assisted
atomic layer deposition (ALD), optical drivers for atomic
clocks, and the deactivation of biofilms in water
distribution systems, or those responsible for human
ear infections, will be discussed briefly.

In retrospect, the commercialization of microplasma‐
based technology is not surprising, if only because of the
intriguing region of parameter space occupied by micro-
cavity plasmas. Confining low‐temperature plasma to
cavities having a characteristic dimension d below 1mm
was quickly found to yield plasmas capable of operating
continuously at atmospheric pressure, and yet efficiently
populating highly excited states of both neutral and ionic
species.[1–5] Not only have peak electron densities (ne)
>1017 cm−3 been reported,[6] but the close association
between ne and the local values of E/N and Te results in
plasmas in which E (magnitude of the electric field) and
E/N frequently exceed 104 V/cm and 10−15 V‐cm2

(100 Td), respectively.[5,7] The former of these (1 V/μm)
is near or above the threshold for Fowler–Nordheim
electron emission from nanostructures located on the
cavity wall, thereby allowing for the injection of electrons
into the plasma sheath.[7] Despite their admittedly small
volumes (typically, picoliters→ nanoliters), therefore, mi-
croplasmas offer the plasma scientist and technologist the
opportunity to engineer the plasma and its environment,
including the cavity wall, so as to function as an integrated
system. The latter can be chosen such that the sheath
electric field strength is sufficient to significantly bend the
valence and conduction bands (relative to the Fermi level)
of semiconductor or dielectric substrates, or the enclosure

wall, in a thin region facing the plasma. Doing so yields a
transient (artificial) material able to interact in a
synergistic manner with the plasma, and has resulted in
the demonstration of both the plasma/semiconductor
photodetector and the plasma bipolar junction transistor
(PBJT).[8–10] It is clear that the full potential of this
capability is far from being realized.

These properties result in streamer‐free discharges,
even in attaching gases such as oxygen or Cl2‐rare gas
admixtures, operating stably at pressures of 1 bar and
beyond. As discussed in detail in Ref.,[5] the implications
of atmospheric‐pressure operation of microplasmas are
profound insofar as both science and applications are
concerned. Specifically, because the background gas
number density is generally more than three orders of
magnitude greater than ne, heavy‐particle collisions
dominate the plasma chemistry, allowing the collisional
kinetics to be tailored so as to favor the production of a
specific species, such as ozone, a particular ion, or an
efficiently radiating atom or molecule. Although
electron‐impact collisions remain the dominant mecha-
nism by which power is delivered to the plasma, the
dispersal of the absorbed power into preferred products,
known as exit channels, is controlled by collisional
kinetics. The number of situations in which the
collisional chemistry can be designed so as to preferen-
tially generate a specific product is truly remarkable, and
a few of these will be described in the sections to follow.

All of the applications discussed in Section 2 have
flowed from the development and commercial introduction
of flat, efficient, and powerful VUV/UV lamps based on
arrays of microcavity plasmas. It can be argued that the
plasmas in such lamps are one step removed from each
application, but the same can be said for other prominent
and successful applications of plasma technology such as
plasma etching. When viewed through the lens of
commercial applications, plasmas are a conversion medium
in which deposited electrical power is transformed into
photons, ions, or other species. Section 2, therefore, focuses
on exploiting the parameter space occupied by microplas-
mas so as to efficiently generate photons having energies
>4–5 eV (i.e., wavelengths below ∼250–300 nm). The
commercial introduction of a family of lamps spanning
the ∼150–310 nm spectral region has given rise to new
photolithographic and photopatterning systems, products
for solid‐state and liquid phase photochemistry as well as
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materials identification and analysis, and deep‐UV lamps
and fixtures for the disinfection of surfaces and air.
Compact, microplasma‐based ozone generators for the
disinfection of drinking water and wastewater are described
in Section 3, and Sections 4 and 5 address emerging
products at the threshold of commercialization, including
miniature lamps tailored for the optical excitation of atomic
clocks and microplasma arrays for the treatment of ear
infections or biofilm removal in municipal and residential
water distribution systems.

The reader is cautioned to not view the discussion to
follow as being exhaustive with respect to the applications
of microplasmas in areas (such as medical procedures) not
mentioned above. Rather, emphasis is placed here on
several photonic and plasmachemical applications devel-
oped at the University of Illinois that have been
commercialized or are on the verge of commercialization.
It should also be mentioned that other optical or electronic
applications (such as photodetectors and the PBJT) that
have not advanced as quickly to commercialization have
been neglected here. For a broader, more balanced
treatment of microplasma applications, the reader is
encouraged to consult the publications cited below.

2 | DEEP ‐UV AND VUV LAMPS
BASED ON ARRAYS OF
MICROCAVITY PLASMA ARRAYS:
CHARACTERISTICS AND
APPLICATIONS

It is in the deep‐UV (∼200–250 nm) and VUV (100–200 nm)
spectral ranges that photon energies become comparable to,
or exceed, the dissociation energies of even the strongest
chemical bonds. Whether the intent is to selectively break a
peptide bond in the COVID‐19 virus, polymerize a specific
hydrocarbon, or dissociate ammonia (NH3), VUV/UV
sources present the opportunity to drive a wide range of
photochemical and photoprocessing reactions including
disinfection. Advances in solid‐state photochemistry and
materials analysis, in particular, have been impeded in the
past by a lack of efficient VUV sources, particularly those
capable of uniformly irradiating substantial surface areas.
Few lamps and lasers have existed in the 100–230 nm
spectral region, and the latter (the F2 and ArF lasers at 157
and 193 nm, respectively) typically operate at low duty cycles
and are large and expensive systems. In this section, the
parameters of a recently developed family of commercially
available lamps, and several selected applications, are
described. Throughout the following discussion, the terms
“radiation”, “optical radiation”, and “light” are used
interchangeably despite the fact that light is a term normally
reserved for the visible spectral region.

2.1 | Brief review of microplasma lamp
design history

Early microplasma lamps (ca. 2007–2011) were designed to
generate visible light by the down‐conversion of plasma‐
produced UV radiation in a coating comprising a mixture of
phosphors.[11] From the outset, efforts focused on the
development of flat lamps, and the “engine” of the first
lamps was an array of dielectric barrier discharges (DBDs)
generated within cavities in aluminum screen, any pattern
woven with Al wire, or aluminum foil, for example, which
was chemically treated to yield a surface layer of nanoporous
alumina.[12–14] Serving as a dielectric having exceptional
breakdown strength, the adoption of nanoporous Al2O3

allowed for the driving voltage to be decreased relative to
existing DBD lamps.[15] Figure 1 is a 2008 photograph of a
newspaper illuminated by the green output of a second‐
generation lamp having 16 cm2 of surface area and the
phosphor coating applied to the front window. Multiple
advances in internal design and vacuum processing over the
following several years resulted in flat lamps with radiating
areas as large as ∼30× 30 cm2 (1 ft2) and a phosphor coating
internal to the lamp. Photographs of lamps designed initially
for the cinematography and videography markets are shown
in Figure 2. Because the color rendering index for these
lamps was engineered to be >90, the correlated color
temperature (CCT) was customized through the phosphor
mixture to have one of several values between 2700 and
5600K, and the lamps generated almost 3000 lumens of
output; they were ideally suited for interior residential
lighting, “fill” lighting in cinematography and videography

FIGURE 1 A 2008 photograph of a small (16 cm2 of surface
area) lamp illuminating a newspaper. Although this early lamp
design was followed by several generations of lamps with vastly
improved performance, size, and reduced cost, this early version
produced a luminous efficacy of ∼20 lumens/W with a green
phosphor. Courtesy of Eden Park Illumination.
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FIGURE 2 Thin, flat lamps having a thickness <6mm and an active area of 225 or ∼900 cm2 (∼1 ft2). Owing to their color rendering
index (CRI) (>90) and a luminous output of ∼3000 lumens, these lamps were initially designed for the cinematography and videography
markets, but later introduced for commercial and residential lighting as well: (a–c) Lamps designed for interior lighting such as under‐
counter lighting and in conference rooms and dining areas; (d) cinematography lamp package including a 1 ft2 lamp having a correlated
color temperature of 5600 K and a CRI > 90, along with its power supply, and tripod (not shown). Photographs courtesy of Eden Park
Illumination.

settings (Figure 2d), and custom commercial lighting
(Figure 2a–c). We note that the lamp of panel (d) of
Figure 2 received the Technology Innovation Award and the
“Best Light of Show”Award from the National Association of
Broadcasters in 2012 and 2013, respectively. It should also be
mentioned that the lifetimes of lamps similar to those of
Figure 2 exceeded expectations. Extensive, long‐term life tests
of manufactured lamps show little degradation of luminous
output, CCT, and plasma characteristics following 7 years of
continuous operation (>60 000 h), after which the tests were
terminated. These results attest to the lifetimes of mercury‐
free, low temperature, atmospheric pressure lamps that can
be achieved routinely with sufficient effort given to degassing
the phosphor and other vacuum‐conditioning steps.

Between 2013 and 2016, the emphasis shifted to
manufacturing lamps designed specifically for the genera-
tion of VUV/UV radiation at a variety of wavelengths in the
∼150–350 nm wavelength interval that are offered by the
rare gas homonuclear and rare gas‐halide diatomic
molecules, such as the xenon dimer (Xe2) and krypton
chloride (KrCl), respectively. The intent (then and now) was
to address the dearth of efficient incoherent sources in this
spectral region (and below 200 nm, in particular), thereby

allowing a suite of photochemical applications to be
pursued.[16] Although rare gas dimer and rare gas‐halide
molecular emissions were observed initially in the 1950s
and 1970s, respectively, the first DBD lamps designed for
generating excimer fluorescence were pioneered by
Kogelschatz[17] who surveyed the visible and UV spectra
generated by the rare gas‐halide, rare gas dimer, and
mercury‐halide diatomic molecules. Similar lamp designs
were also introduced by Tarasenko et al.[18] Having a coaxial
DBD structure that is manufactured to this day, these lamps
are capable of generating considerable power but are
generally bulky and have the drawback inherent with
cylindrical geometry of requiring deep‐UV/VUV collimating
and/or reflective optics if uniform irradiation of a surface is
necessary. Several years of development resulted in the
introduction of microplasma lamps having a flat and thin
form factor, and capable of efficient and powerful emission
at several wavelengths in the deep‐UV and VUV spectral
regions. In retrospect, several of the potential applications
for sub‐250 nm lamps, foreseen decades ago by multiple
research groups, have become accessible in the past few
years as a result of the emergence of this new class of
unique lamps.
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The first member of these flat and efficient lamps, based
on the Xe2 molecule, emits at 172 nm (hν=7.2 eV) and is
currently available in sizes up to 225 cm2 of radiating area.[19]

Figure 3 is an image in plan view of a 10× 10 cm2 lamp,
which has a hard‐sealed, fused silica envelope and a
transparent, patterned electrode on the front face but is
<5mm in thickness. The inset to the figure is a magnified
view of a portion of the lamp surface, and one immediately
notices that two interleaved arrays of cylindrical microcav-
ities have been fabricated into the interior face of the rear
window of the lamp. The diameters of the cavities in each
array differ by a factor of ∼2, and the time‐integrated images
of Figure 3 show that 172 nm emission emanates almost
entirely from the microcavities. Another characteristic of
these lamps is the uniformity of emission—the variation in
172 nm intensity is <10% over the entire surface of the lamp.
The performance of lamps such as that in Figure 3, is
nothing short of extraordinary.[19] Maximum intensities at
172 nm exceeding 300mW/cm2 have been generated, which
corresponds to >30W of average power from 100 cm2

(4″×4″) apertures—the front and rear surfaces of the lamp.
Furthermore, the electrical (“wall plug”) efficiency of the
lamp is >20% and the output is produced in 600–800W
pulses, four for every cycle of the driving voltage waveform.
Operating at pulse repetition frequencies (PRFs) up to
∼137 kHz, these lamps have a duty cycle >4%. The result is
that, by tiling of these thin lamps, average powers >1 kW at
172 nm are now available from a lamp ensemble having an
overall area of <58× 58 cm2 (∼23″×23″). To put such
unprecedented VUV lamp average powers and peak
intensities into perspective, we note that the star in the

Cygnus constellation known as 2 Cygni is one of the few that
emits a blackbody spectrum peaking at 175 nm, which
corresponds to a “color” (blackbody) temperature of
16 500± 200K.[20] Such optical and electrical characteristics
have not been available in the past from any VUV lamp or
laser and, as discussed in the following sections, the Xe2
microplasma lamp (and its counterparts at 147, 222, 308 nm,
and other wavelengths) has the potential to transform
photochemistry in the VUV and deep‐UV regions.

2.2 | Microfabrication:
Photolithography, nanopatterning, surface
treatment, and solid‐state photochemistry

Recently developed flat lamps offering time‐averaged
intensities at 172 nm beyond 300mW/cm2 and average
powers above 30W represent a turning point for VUV
photochemistry in both organics and inorganics. With
respect to polymers, a 172 nm photon has more than
sufficient energy (7.2 eV) to shear any of the chemical
bonds of interest to polymethyl methacrylate (PMMA),
anhydroglucose, or other organics, including the C═C bond.
Because the photon flux at the surface can exceed ∼1017

photons‐cm−2‐s−1, photochemical processing at industrial
scale and rates is now viable. Precision photoablation of
bulk polymers and films by microplasma‐based, flat VUV
lamps has led to the realization of a commercialized
photolithographic process in which an acrylic, poly-
carbonate, or other polymer serves as a dry photoresist.[21]

Patterning of the surface of commercial‐grade, bulk
polymers (or films spun onto Si substrates), such as
PMMA, acrylonitrile butadiene styrene, and CR‐39 yields
trenches, as well as arbitrarily complex three‐dimensional
(3D) structures, with a depth and lateral precision of <10
and <400 nm, respectively. The demonstrated depth
precision of <10 nm allows for the manufacturing, with
various polymers, of optical phase components for the
visible, IR, and UV spectral regions. Because the thickness
of such elements can be controlled to within λ/50 (at 500 nm
in the visible), for example, the optical phase can now be
controlled precisely and inexpensively.

Intricate patterns shown in false color in Figure 4 are
readily produced in bulk acrylics or 40–200‐nm thick acrylic
films on Si with two or more exposures through fused silica
masks and overall process times of typically 10–300 s. Each
of the layers in the images corresponds to a depth of 240 nm.
Recorded with a 3D laser scanning confocal profilometer,
these images convey a sense of the arbitrarily complex
structures that can now be fabricated inexpensively and
subsequently replicated in other materials, such as metals,
dielectrics, and semiconductors. Similarly, the false color
image of Figure 5 is that of a pattern of ∼3‐µm‐wide trenches

FIGURE 3 Photograph (in plan view) of a 10 × 10 cm2 fused
silica microplasma lamp operating in several hundred Torr of Xe.
The uniformity of emission across the entire face of the lamp is
>90%. The inset is a magnified view of a portion of the lamp
surface, and the equally spaced blue discs are fused silica spacers.
The apparent skewing of the microplasmas toward the upper
portion of each microcavity is an optical effect.
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having depths of 500 nm. The dashed black line in the upper
portion of the figure indicates the path along which the
lineout (bottom half of the figure) was recorded. The
spatially selective narrowing of linewidths evident at right
angles and the intersection at the center of the image is
intentional and was designed into the photomask so as to
illustrate one aspect of the achievable resolution. Figure 6 is
an example of a section of a nanofluidic structure fabricated
into an acrylic substrate by 172 nm photoablation.

Because the energies of 172 nm photons allow for the
selective removal of most known polymer materials by a
nonthermal photoablation process over time periods as small
as several seconds, a photolithographic process has been
realized in which a thin film of virtually any polymer
material may serve as a photoresist.[21] One asset of 172 nm
photolithography is the sharp reduction in the cost of
photoresist materials since no UV‐sensitive agents are
required, which presents a unique opportunity for using
well‐studied, single component polymers, such as PMMA,
for this purpose. In most cases, 172 nm photons decompose
polymers into volatile products with decomposition rates as
high as 4 nm/s at intensities of <10mW/cm2.

Combining 172 nm photolithography with well‐
developed semiconductor device fabrication processes
enables arrays such as those shown in Figure 7 to be
realized. Circular or square silicon posts were fabricated by
first spin‐coating a 100mm Si(100) wafer with Microchem
950 PMMA A2 photoresist, which has a molecular weight of
950 000. Immediately thereafter, the PMMA film was
exposed through a photomask with 172 nm intensities of
either 10 or 70mW/cm2. Exposure times of 10–40 s and four

cycles of rinsing the wafer in isopropyl alcohol (IPA) and
deionized water opened windows in the PMMA film, into
which aluminum was sputtered. The remaining PMMA film
was then removed by lift‐off, and the Si pillars of Figure 7
were produced by deep reactive ion etching of the substrate
for 10min. When Al discs (or squares) served as a mask, Si
posts 11 μm in length were etched. We wish to point out that
the demonstrated lateral resolution of 350 nm is a record for
contact lithographic techniques utilizing deep‐UV/VUV
incoherent light sources.

FIGURE 4 False color images of several examples of nanostructures and geometries obtainable through multiple exposures of a
polymer film to 172 nm radiation. Reprinted from Mironov et al.,[21] by permission.

FIGURE 5 False color map of the topography of a pattern
comprising lines nominally 3 µm in width, produced in PMMA and
recorded with a laser confocal profilometer. Reprinted from
Mironov et al.,[21] by permission.
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Another example of the versatility and resolution of
the 172 nm/polymer lithographic process is the fabri-
cation of arrays of aluminum discs. Figure 8 presents
electron micrographs of segments of two such arrays,

fabricated on Si(100) by sputtering Al through win-
dows opened in a 55‐nm‐thick PMMA film by 172 nm
photoablation. Panel (a) of the figure is an SEM of a
portion of an array comprising 1‐μm squares, whereas
Figure 8b is a magnified image of nine, ∼500‐nm
diameter discs from another array. A 55‐nm‐thick
PMMA film served as the dry resist, and was exposed
for 20 s and subsequently rinsed in IPA for four cycles.
After the Al was deposited, the remaining portion of
the PMMA film was removed with acetone. Such
processes appear to be of value for fabricating
plasmonic devices and structures, in particular. In
addition to the structures shown above, optical
components such as Fresnel lenses and phase masks,
as well as arrays of microfluidic channels, have been
fabricated.[21–23]

2.3 | Commercial photolithographic and
exposure tools

All of the features of Figures 4–8 were fabricated with the
π2 Cygni system manufactured by Cygnus Photonics. The
first version of the system, capable of processing wafers
up to 3″ in diameter (exposed area of 42 mm× 42mm), is
shown on the left in Figure 9 and the right‐hand
photograph in Figure 9 is that of a prototype of the X‐1
exposure tool designed for 4″ wafers. In addition to the
depth resolution afforded by these 172 nm lithographic
and photopatterning tools, another asset is that nitrogen
is transparent to 172 nm radiation. Consequently, the
systems of Figure 9 operate in 1 atm of dry N2, thereby
dispensing with the normal requirement of a vacuum
system for conventional deep‐UV photolithographic
tools.

FIGURE 6 False color map of a section of a polymer
nanofluidic device having a channel depth and width of 500 nm
and 50 µm, respectively. The image was recorded by a scanning
laser confocal profilometer, and the xy‐plane and z‐axis (orthogonal
to the plane of the surface) are not to scale.

FIGURE 7 Electron micrographs of portions of large arrays of
350 nm diameter Si pillars, each of which has an Al mirror affixed
to the top. Scalloping of Si posts (i.e., modulation of the post
diameter), noticeable in the photograph at right, is a result of the
etching process. Reprinted from Mironov et al.,[21] by permission.

FIGURE 8 Plan view SEMs of segments of Al disc arrays sputtered onto Si(100) through windows opened in PMMA films by
photoablation at 172 nm. The disc diameter is 1 µm and 500 nm for SEMs shown in (a) and (b), respectively. Reprinted from Mironov
et al.,[21] by permission.
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2.4 | Selected applications:
Photoablation of cellulose, patterning of
neurons, and surface cleaning and
bonding

Another example of the breadth of materials accessible to
172 nm, dry photolithography is that of cellulose, the most
abundant biological material on earth. Cellulose is not only
biodegradable and water‐insoluble but photoablative lithog-
raphy of two cellulose polymers, cellulose acetate (CA) and

cellulose acetate butyrate (CAB), at 172 nm is also capable of
realizing precise optical and biomedical devices and
structures, such as sinusoidal gratings, waveguides, and cell
sorters. Figure 10 presents false color images of two
multilayer structures produced in CA films by two exposures
with the 172 nm photolithography tool. In each image,
depths throughout the structure are indexed to a color,
where blue represents the deepest regions. Each green and
red section denotes a layer thickness of 0.7 and 1.0 μm,
respectively. Similarly, Figures 11 and 12 show images of

FIGURE 9 (Left) The π2‐Cygni system manufactured by Cygnus Photonics. Designed to process substrates up to 3″ in diameter, this
system incorporates a 5 × 5 cm2 (2″ × 2″) 172 nm microplasma lamp and does not require a vacuum but rather only a dry N2 atmosphere.
(Right) The prototype X‐1 exposure tool for photoprocessing 4″ (∼10 cm) diameter substrates, incorporating a 4″ × 4″ (100 cm2) 172 nm
microplasma light source. Photographs courtesy of Cygnus Photonics Inc.

FIGURE 10 Two multilayer structures fabricated in cellulose
acetate films by 172 nm photoablative lithography. These false
color scans were recorded by laser scanning confocal profilometry
and depths in each pattern are indexed to a color. Blue represents
the deepest portions of the structures, and green and red regions
denote depths of 0.7 and 1.0 μm, respectively. Reprinted from
Mironov et al.,[24] by permission.

FIGURE 11 Laser scanning confocal profilometer images of
sinusoidal gratings photoablated into cellulose acetate surfaces
with the Cygnus Photonics π2 Cygni system. The debris evident in
both images is the result of using commercial (nonoptical) grade
cellulose acetate films as the substrate, films which typically
contain undissolved particles ∼1 μm in size. Reprinted from
Mironov et al.,[24] by permission.
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sinusoidal topographies fabricated in CA by controlling
exposure and mask undercutting during the photoablation
process. The ability to precisely fabricate micropatterns such
as those shown in Figures 10–12 allows for the manufactur-
ing of sinusoidal gratings and microfluidic devices in CA and
CAB in a dry and chemical‐free process. Patterns photo-
ablated in CA or CAB have also been shown to be suitable as
molds for polydimethylsiloxane (PDMS). Further details can
be found in the study by Mironov et al.[24] Photopatterning
surfaces with 172 nm radiation is also finding new applica-
tions in biomedicine.[25–27] One example is that of Figure 13,
which is a fluorescence image of a neural network grown
onto a VUV‐patterned surface.[25]

In addition to photopatterning, 172 nm photons have
been successfully applied to several processes in the
microfabrication industry, the most prominent of which is

FIGURE 12 Fabrication of sinusoidal gratings by mask undercutting: (a) False color image, recorded by laser confocal microscopy, of
lines and cones photoetched in cellulose acetate. The peak heights of all features are almost 2 μm, and the white dashed line in the upper
portion of the image indicates the path for an intensity lineout; (b) Intensity lineout (black curve) recorded along the path shown in (a),
demonstrating the sinusoidal cross‐section for all of the features. The red trace is a sinusoidal fit to the data. (c) Photoablated microstructure
comprising one‐dimensional grating lines and large‐period sinusoids. The heights of the linear features in the top layer and the ripples in the
bottom (recessed) layer are 1 and 0.6 μm, respectively. Dimensions in the xy‐plane and along the z‐coordinate (orthogonal to the plane of the
surface) are not to scale. Reprinted from Mironov et al.,[24] by permission.

FIGURE 13 Merged fluorescence image of a neural cell
network grown onto a VUV‐patterned substrate. The red, green,
and blue regions indicate axons, cell bodies and dendrites, and
nuclei, respectively. Reprinted from Suzuki et al.,[25] by
permission.
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surface cleaning and modification. More than a decade ago,
for example, cleaning the surfaces of various optical
components such as EUV optics[28,29] was demonstrated, as
was the cleaning of fused silica and polymer optics.[30] A
thorough description of VUV surface cleaning techniques
can be found in the study by Kohli.[31] Furthermore, it has
been shown that surface treatment of PDMS samples with
172 nm radiation for several minutes provides surface
bonding characteristics similar to those observed for samples
treated by oxygen plasma. However, the fact that VUV
exposures do not require vacuum systems, but are rather
performed at atmospheric pressure, significantly lowers
production costs and simplifies nano‐ and microfluidic
device fabrication processes.[32–34] As a final example,
172 nm radiation has proven to be an effective surface
activator for bonding interfaces with organosilanes.[35] As
illustrated by the process flow diagram in Figure 14, a
multicolor, microfluidic organic light‐emitting diode (OLED)
fabrication technique entails bonding the photoresist SU8 to
indium tin oxide surfaces with glycidyloxypropyltrimethox-
ysilane and amine‐terminated 3‐aminopropyltriethoxysilane.

Although the ability of VUV radiation, and 172 nm, in
particular, to clean or bond a variety of surfaces is well‐
known, the industrial applications of these processes have
been restricted in the past due to the high cost and low
electrical‐to‐optical efficiency of traditional plasma VUV
sources. It is expected that recently developed 172‐nm
exposure tools will be adopted by both research and
industrial microfabrication facilities as alternatives to
standard plasma and chemical cleaning techniques (such
as the Piranha process, for example) as nonsurface damaging
and environmentally friendly solutions.

3 | MATERIALS ANALYSIS AND
IDENTIFICATION

The wavelengths of the deep‐UV/VUV microcavity
plasma lamps commercially available at present range
from ∼150 nm to beyond 310 nm, which correspond to
photon energies in the ∼4–8.3 eV interval. This range in
photon energies is well‐suited for the photoproduction of

FIGURE 14 Process flow diagram for
one design of microfluidic organic light‐
emitting diodes. The anode and cathode
substrates were fabricated separately
and subsequently bonded with
glycidyloxypropyltrimethoxysilane
(GOPTS)‐ and amine‐terminated
3‐aminopropyltriethoxysilane (APTES)‐SAMs
(self‐assembled molecules). The photoresists
SU‐8 2002, 3005, and 3010 were applied to the
fabrication of 2.5‐, 6‐, and 9‐μm‐thick
microchannels, respectively. Reprinted from
Kasahara et al.,[36] by permission. ITO:
indium tin oxide
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electron‐hole pairs and the excitation of impurity states
and defects in wide bandgap materials, such as AlN,
diamond, and SiC, which have bandgap energies of ∼6.0,
5.5, and 3.3 eV, respectively. Consequently, compact and
intense microplasma lamps offer considerable promise
for advancing the analysis of photonic and electronic
materials and devices, in particular, by photolumines-
cence (PL) spectroscopy. Conventional lamp sources in
this spectral region (such as the rare gas resonance
lamps, H2, and D2) are few and suffer from inconvenient
form factors, such as bulbs or cylinders. Not surprisingly,
therefore, materials analysis with deep‐UV/VUV radia-
tion has previously been dependent upon large electron
accelerator facilities, such as synchrotrons and free‐
electron lasers.

In this context, an unexpected but effective commer-
cial application of microcavity plasma lamps has arisen
in the diamond industry recently. Twenty years ago, the
laboratory synthesis of diamonds was generally capable
of producing only small stones, suitable primarily for
industrial coatings (abrasives, machine tool surfaces,
etc.). However, the rapid rise in the volume of manufac-
tured (synthetic) diamonds of ever‐increasing size and
quality poses a challenge to the diamond industry.[37] In
response to this explosive growth, at least two diamond
distributors have introduced PL products capable of
detecting and reliably identifying synthetic diamonds:
the Sherlock Holmes 3.0 system offered by Yehuda Inc.
(www.yehuda.com) and DeBeer's DiamondView analyzer
(www.institute.debeers.com). The detection protocols
adopted by manufacturers of synthetic diamond detec-
tors are proprietary but the products introduced to date
rely on the visible fluorescence produced by the
illumination of gemstones by sub‐230 nm wavelength
radiation. At left in Figure 15, for example, is a
photograph in plan view of an assortment of uncut
diamonds lying on the front window of a 222 nm (KrCl)

lamp. Natural stones produce no fluorescence or a light
blue glow, whereas synthetic diamonds are those
emitting strong yellow or red fluorescence. Furthermore,
the intensity of the visible PL produced is more than
sufficient to be noticed by the unaided eye. The right‐
hand portion of Figure 15 is a second photograph,
illustrating the fluorescence observable from cut stones
in jewelry settings. Two diamond rings are again located
on the surface of a KrCl lamp, and the diamond at the
center of the ring at right is a natural stone whereas the
diamond on its left side is clearly synthetic because of its
green emission spectrum. The latter is a result of the
introduction of one or more impurities into the melt
during the Czochralski growth of the diamond lattice.
Several of the stones in the ring at left in Figure 15 are
also synthetic. The accuracy claimed by manufacturers of
synthetic diamond detectors for reproducibly identifying
synthetic stones is as high as 99%.

4 | DISINFECTION OF AIR AND
SURFACES IN PUBLIC SPACES

The COVID‐19 pandemic has underscored the impor-
tance of new disinfection modalities in combating both
viruses and bacteria. Vaccinations have proven their
value over the past >2 years but vaccines are generally
virus‐specific and must be regarded as the “last line of
defense” against a new viral strain. The bactericidal
efficacy of UV radiation has long been known, but
existing germicidal lamps typically depend on the
253.7 nm resonance line of atomic mercury which is a
human health hazard. Longer‐wavelength UV light, and
that lying in the 250–290 nm region, in particular, is
known to be mutagenic to human DNA and carcino-
genic. Consequently, deactivating bacteria or viruses
with UV‐A, UV‐B, and traditional UV‐C lamps has not

FIGURE 15 Photographs of diamonds illuminated by 222 nm (KrCl) radiation produced by a flat microplasma lamp: (Left) An
assortment of uncut diamonds lying on the surface of a KrCl lamp. (Right) Diamond rings on a 222 nm lamp. Courtesy of K. J. Balch and
Eden Park Illumination.
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been possible in the past if the room or other space to be
disinfected is occupied. Recent medical studies, however,
have reported that deep UV‐C radiation (also known as
the Far UV) with wavelengths below ∼230 nm is safe for
human exposure because virtually all such photons are
absorbed in the outermost skin layer, known as the
stratum corneum, and few arrive at the superficial layers
of the epidermis. Most importantly, none of the incident
deep‐UV light reaches the deeper basal layer, thus
eliminating short wavelength UV radiation as a cancer
risk. Both in vitro and in vivo medical evidence indicates
that sub‐230 nm wavelength UV light is harmless to
humans, and yet is lethal to viruses and bacteria on the
skin, other surfaces, and in room air because these high‐
energy photons are absorbed by peptide bonds, which
results in photochemical damage to, and deactivation of,
the pathogen.

Emission from the KrCl molecule at 222 nm has
proven to be a particularly effective antimicrobial, deep‐
UV source.[38] The spectrum at left in Figure 16 is that
produced by a 50mm× 50mm (25 cm2) lamp manufac-
tured by Eden Park Illumination (EPI). A photograph of
one lamp in operation is shown on the right in Figure 16,
and it should be noted that the purple–red glow is the
result of a small impurity in the lamp's fused silica
envelope. Returning to the spectrum of Figure 16, >90%
of the lamp's emitted power arises from the dipole‐
allowed, B→ X transition of the KrCl diatomic molecule
which lies in a narrow peak (∼2.5 nm FWHM) centered
at ∼222.2 nm. A few percent of the lamp output emission
spectrum extends to wavelengths of ∼258 nm, and the
weak continuum lying at ∼236 nm is known as a satellite
of the main peak and is the result of a secondary optical
transition, the C→A band, of the molecule. Because any

radiation at wavelengths longer than ∼235 nm is poten-
tially of medical concern for human exposure, KrCl
lamps are typically supplied with a “short‐pass” filter that
suppresses the longer‐wavelength light, as indicated by
the red curve on the left in Figure 16.

The efficacy of 222 nm light in deactivating a variety
of pathogens has been reported by multiple research
groups worldwide over the past several years. As an
example, Figure 17 presents recent data demonstrating
the deactivation of the SARS‐CoV‐2 virus by exposure to
a 222 nm lamp.[39] Note that the ordinate is logarithmic,
and a cumulative dosage as small as 1.3 mJ of 222 nm
radiation per cm2 of surface area results in an order of
magnitude decrease in the coronavirus concentration.
Similarly, a dosage of 7.8 mJ/cm2 yields a decline of 4
orders of magnitude. Conducted by the Seoul National
University of South Korea, these tests (and others
conducted elsewhere) indicate that 222 nm radiation is

FIGURE 16 (Left) Representative emission spectrum of a KrCl lamp in the ∼200–300 nm wavelength range. When a cut‐off filter is
inserted between the lamp and spectrometer, radiation at wavelengths beyond ∼230 nm is suppressed, as shown by the contrast between the
red and black curves. (Right) Photograph of a representative KrCl microplasma lamp. The weak purple–red glow, due to luminescence from
an impurity in the fused silica lamp envelope, does not adversely impact lamp performance and, in fact, is a valuable diagnostic of lamp
operation.

FIGURE 17 SARS‐CoV‐2 coronavirus survival as a function of
the dose of 222 nm microplasma lamp exposure, expressed in
mJ/cm2. Note that the ordinate of this graph is logarithmic.

12 of 27 | KIM ET AL.



a factor of 2–10 more efficient than conventional UV‐C
light (i.e., Hg “germicidal” radiation at 254 nm) in
destroying the COVID‐19 virus. Furthermore, after a
“log 4” reduction in the virus concentration, room
temperature PCR analysis found no trace of reactivation
of the virus. It is clear that the applications for 222 nm
lamps in suppressing or eliminating the airborne spread
of COVID‐19, or any virus or bacteria, are enormous.
Specifically, antimicrobial applications that are fore-
closed to Hg germicidal lamps can now be pursued
because 222 nm light is safe for human exposure. The
larger implications of this new disinfectant technology
with regard to global economic stability and human
welfare are significant, particularly in view of the
economic toll and loss of life that the coronavirus and
other viruses have exacted over the past 1–2 decades (i.e.,
H1N1, SARS, MERS, Ebola). From the perspective of
future planning, the likelihood of the recurrence of
natural pandemics, based on zoonotic outbreaks and the
generation of new vulnerable birth cohorts periodically,
suggests the wisdom of preparing disinfection defenses
and particularly those that address the air transmission
of the virus. The potential for deep‐UV disinfection of
room air and surfaces in public spaces has received
increased attention recently in the United States
as a result of COVID infections occurring at large
events such as the annual Gridiron Club dinner in
Washington, D.C.[40]

Since the onset of the COVID‐19 pandemic, efforts to
expand the production, and increase the performance, of
222 nm and other deep‐UV lamps have accelerated
rapidly. Over the past 2 years, production capacity at
EPI has risen almost 100‐fold, and products (OEM lamps,

fixtures, and entire systems) incorporating 222 nm, flat
microplasma lamps are now available from several
manufacturers. All are devoted to indoor disinfection of
public and commercial spaces, such as healthcare
facilities, offices, restaurants, government buildings and
facilities, and public restrooms, including those on
aircraft. An increasing number of studies are suggesting
the need in the future for a low‐intensity background of
sub‐235 nm light in disinfecting the air and surfaces of
airports, auditoriums, offices, malls, libraries, and
schools.[41] Such a background need not be continuous
but its availability appears to be essential for protecting
populations worldwide from future pathogens. One of
the primary assets of microplasma lamps insofar as
disinfection efficiency is concerned is that of their flat
form factor. The effective killing of microbes in a
predetermined space, and suspended in air or water
droplets, or lying on surfaces, demands that the
distribution of photons over that space be as uniform
as possible. Although the decrease in the intensity of any
optical source with distance from the source is
unavoidable, nonuniformities in the UV energy fluence
(energy exposure or dosage) in planes transverse to the
direction of propagation of the optical beam must be
minimized. The flat, compact form factor of microplasma
lamps lends itself to uniformly irradiating the air and
surfaces lying beneath a ceiling‐mounted lamp without
corrective optics, as illustrated in Figure 18. The 2D map
at right in Figure 18, in particular, demonstrates the
uniformity of the irradiance at a plane located 2m from,
and parallel to, a 5 × 5 cm2 222 nm lamp, as measured by
a calibrated detector. These data, representative of those
acquired over several years, show the angular

FIGURE 18 Two‐dimensional map of the 222 nm irradiance produced by a ceiling‐mounted KrCl lamp at different distances: (left)
geometry adopted for measuring the energy‐fluence produced in a room by a ceiling‐mounted lamp; (right) relative irradiance produced by a
50 × 50mm2 microplasma flat tile lamp at a distance of 2 m. Images and data courtesy of Eden Park Illumination.
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distribution of light emerging from flat microplasma
lamps to be near‐Lambertian. The measurements of
Figure 18 (right), for example, were obtained over an
area of 1.1 × 1.1 m2 (1875 in.2) and the intensity is found
to be uniform to within ±10%. This characteristic of
microplasma lamps distinguishes them from conven-
tional UV sources which typically have the form of a
cylinder or a bulb. Because the silica wall of a cylindrical
lamp acts as a lens, a cylindrical or parabolic reflector,
situated behind the lamp to redirect the emission
emerging from the back side of the cylinder, is required.
Not only is this approach costly and difficult to align but
the intensity pattern produced by this arrangement in a
plane is inferior to that from a flat microplasma lamp
having no corrective optics. Finally, the emission from
the front surface of microplasma lamps is also found to
be uniform over an angle of 60° with respect to the
surface normal of the lamp. Simulations show, therefore,
that one 5 cm × 5 cm 222 nm lamp produces a nearly‐
uniform intensity distribution over a maximum floor
area of 3 × 3m2 when the lamp is mounted on a ceiling at
a height of 10 ft (∼3m). Consequently, the proper spacing
of ceiling‐mounted lamps allows for the uniform cover-
age of any indoor space with 222 nm photons.

As discussed above, deep‐UV systems designed to
disinfect indoor rooms and other spaces from airborne
pathogens have proven to be economically viable for a
large group of organic contaminants and pathogens. Not
only are these systems cost‐effective so as to compete with

traditional biological, physical, and chemical treatment
technologies, but optical disinfection produces no second-
ary waste. Public safety is of paramount importance,
however, and several studies have investigated the ability
of sub‐230 nm radiation to inactivate pathogens at doses
that appear to be safe for human exposure. Figure 19 (not
to scale) illustrates an example of the implementation of a
222 nm lamp in a conference room for the reduction of the
concentration of airborne coronavirus or other pathogens.
For example, if the 222 nm lamp is designed so as to
produce an intensity of 30 μW/cm2 at a distance of 20 cm
below the lamp, the cumulative exposure in that plane
will be 864mJ/cm2 over a period of 8 h. However, as
indicated on the right, 90% of the SARS‐CoV‐2 virus in the
form of an aerosol, or on a surface, will be inactivated in
20 and 39 s, respectively. Similarly, in the plane at 2m
beneath the lamp, deactivating 90% of the virus in the
aerosol phase (e.g., in a water droplet) requires 39min
because the lamp intensity has fallen by more than an
order of magnitude. The exposures cited in Figure 19 were
chosen to conform with the guidelines specified by the
American Conference of Governmental and Industrial
Hygienists (ACGIH) for human exposure at 222 nm and
assume an angular distribution of 120° (drawing of
Figure 19 not to scale) for the optical beam produced by
the lamp. In response to studies of the past several years
showing KrCl (222 nm) radiation to be safe for human
exposure, the ACGIH recently increased the recom-
mended maximum exposure at 222 nm by a factor of 7.

FIGURE 19 Illustration of the angular
distribution (0–60°) of irradiation intensities
as a function of distance (up to 2m) from a
ceiling‐mounted microplasma lamp
(50 mm× 50mm). The cumulative 222 nm
dosages (over an 8‐h period), and times
required to achieve 90% deactivation of the
SARS‐CoV‐2 virus in the form of an aerosol
or on a surface, are indicated in blue and
black, respectively.
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In summary, commercial interest in the disinfection of
public spaces with deep‐UV light (wavelengths < 230 nm)
has grown rapidly over the past several years, owing to the
introduction of efficient microplasma sources but, most
importantly, to studies pointing to the safety of human
exposure in this UV spectral region. Large‐scale production
of lamps has been underway for the past several years and
the penetration of this technology into retail, commercial,
and public buildings and rooms is expected to rise rapidly
in the coming decade.[42]

5 | OZONE GENERATION FOR
WATER DISINFECTION AND
TREATMENT

5.1 | Microplasma production of ozone
and commercial applications

The efficient maintenance and conservation of water
resources for human consumption is a growing global
priority. Indeed, shrinking supplies in multiple geograph-
ical regions and the lack of access to clean water for
millions worldwide prompted the National Academy of
Engineering (U.S.) to devote one of the 14 “Grand
Challenges for the 21st Century” to the development of
technologies capable of providing clean water worldwide
at low cost. Since early in the 20th century, the
predominant means for disinfecting water has been
chlorination. However, chlorination is not an option for
many in the developing world, and the environmental
and human health consequences of introducing chlorine
to water supplies[43] are responsible for a growing
preference for ozonation for disinfecting drinking water,
but also for residential and commercial applications such
as the treatment of water for swimming pools, saunas,
cooling towers, and agricultural irrigation, as well as the
recovery of “gray water” and wastewater for agricultural
irrigation.

Ozone is a unique purification agent as it is the
strongest oxidant and disinfectant available commer-
cially. It is known to be remarkably effective for
neutralizing pathogens and the dissociation of toxic
organic chemicals, making it ideal for the disinfection of
water. Also, ozonation is generally regarded as being
superior to traditional disinfection or cleaning method-
ologies for several reasons, the foremost of which is the
lethality of ozone with respect to a wide range of
pathogens. Conventional disinfection and cleaning mod-
alities also often require significant energy consumption
(for heating water) or they may produce harmful
chemical byproducts. In the past, the primary barriers
to the widespread adoption of ozonation for utility and
consumer applications are the cost (capital and operat-
ing), weight and size, and power consumption of
conventional ozone generation systems. Despite these
drawbacks, ozonation continues to gradually displace
chlorination in Europe, Canada, parts of the United
States, and elsewhere.

Microplasma technology developed at the University
of Illinois, and produced commercially since 2012, over-
comes all of the barriers described above. A series of
microplasma chemical reactors, based on the production
of a specific molecule (O3) in literally thousands of
microchannel plasmas simultaneously, has been devel-
oped and these miniature reactors are presently in service
in multiple applications. At the heart of this new plasma
technology is the microplasma chip, a bilayer aluminum
strip structure fabricated by photolithographic and wet
chemical processes and comprising 24–48 channels
micromachined into nanoporous aluminum oxide with
embedded electrodes. The left‐hand portion of Figure 20 is
a generalized diagram of a segment of a microplasma
channel chip, which serves as the fundamental unit of this
technology. Microchannels having a noncircular cross‐
section (a trapezoidal transverse geometry is depicted in
Figure 20) are fabricated directly into a thick (>50 µm)
nanoporous alumina film grown from Al substrates by a

FIGURE 20 (Left) Qualitative diagram
(not to scale) of the design of a portion of a
microplasma chip. For clarity, cutaway views
of two channels are shown; (right)
photograph of an early design, 12 channel
chip operating in 1 atm of oxygen. Courtesy
of the University of Illinois.
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multistep, wet chemical process. Because the design of the
chip has been described previously in some detail,[44] only
a brief review will be provided here. Suffice it to say that
nanoporous alumina films, grown directly from Al foil or
sheet in an optimized, low‐temperature electrochemical
process, is a robust material having a dielectric breakdown
strength at least a factor of two higher than that for bulk
aluminum oxide. The spatial extent of the microcavities is
defined by photolithography and the widths of the
channels tested to date are generally in the 125–500 µm
range. Note that the lower Al electrode in this micro‐DBD
configuration is grounded and the upper electrode can be
driven by virtually any time‐varying voltage waveform.
The voltage waveform format delivered to each chip is
either sinusoidal (10–40 kHz) or a periodic sequence of
unipolar or bipolar pulses (rise time < 100 ns), both of
which have been developed and incorporated into
products. The photograph on the right in Figure 20 was
recorded by replacing the top section of a chip with a
quartz window so as to allow the linear microplasma array
to be observed when the oxygen pressure in each channel
is 1 atm. One immediately notices the spatial uniformity of
the plasma in all of the channels, despite the well‐known
electron attachment cross‐section for O2. The uniformity
of the plasma along the longitudinal (axial) and transverse
coordinates of the microchannels, observed for oxygen
pressures up to 4 bar (the highest value investigated to
date), is of particular significance for plasma chemistry
because feedstock oxygen dimers (or O2/N2, if the
feedstock gas is air) interact with the plasma over the
entire length of the channel, rather than only at localized
microdischarges that are produced in conventional ozone
generators. That is, the effective length over which a
feedstock molecule such as O2 interacts with the plasma is

extended, relative to that for microdischarge‐dominated
DBD plasmas, for example, because of the prevalence of
streamers in conventional oxygen plasmas. For this
reason, a microplasma chip length of 3–8 cm is sufficient
to obtain efficiencies for O3 production, and ozone
concentrations, that are comparable to, or greater than,
those afforded by larger commercial systems having
plasma tube lengths of several meters. By integrating four
to six chips into a module, the mass output of an ozone
microplasma system scales linearly with the number of
modules operating in parallel. This plasma processing
architecture offers several significant advantages relative
to conventional corona or DBD technology. Not only are
the chips fully recyclable but the incorporation of
redundancy into the generator is accomplished by
including one or more extra modules that can be switched
electronically into the operating system in the event of the
failure of any of the modules.

Several modular structures designed to accommodate
four or more microchannel chips have been designed, and
one of the designs is illustrated by the drawings in
Figure 21. The assembled module at left serves to spatially
align up to six chips and provides threaded ports (at lower
left) for the introduction of feedstock gas (oxygen or
atmospheric air) and the extraction of generated ozone. A
miniature fan, partially visible at the rear of the module,
allows for air cooling of the chip assembly. At right in
Figure 21 is a drawing of the design of one chip in which
the lower half contains the microchannel array, an
electrode (tab at left), and two circular gas ports. The
assembled chip includes an upper electrode, which also
serves as a registration tab for rapid and precise assembly
of the module. A subsequent design developed for the
modules is shown schematically in Figure 22. In this

FIGURE 21 Drawings of one design for a six‐chip module (left), and an assembled chip (right) with two O‐rings, one of which ensures
vacuum integrity with the chip lying immediately below the one shown. A small fan installed onto the rear face of the module serves to cool
the chip assembly, and several approaches to sealing and isolating the individual chips have been developed.
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structure, each chip is mounted into a thin frame that is
readily aligned with, and joined to, other chips.

As described in the next section, ozone systems
employing as many as 20 modules have been manufac-
tured, and Figure 23 is a photograph of a double module
product capable of generating up to 10 g of ozone per
hour from oxygen feedstock gas (flowing at ∼5 L/min).
For clarity, the electronics and gas handling manifold are
not shown but the volume of the unit is ∼4 L. Depending
on the intended application for an ozone system and,
therefore, the desired ozone concentration and produc-
tion rate, the flow of feedstock gas through the chips in a
module can be either parallel or serial. As the names
imply, parallel flow denotes the introduction of fresh
feedstock gas to each chip, whereas the latter (serial or
tandem flow) designates the flow of gas through all of the
chips before exiting the module.

A 115 g/h (2.7 kg/day) ozone system, for example,
was realized by combining the output of 18 modules
comprising 72 chips and 1800 microchannels.[44] The

implications of this plasma processing architecture for
scaling production capability, and for the reduction in
capital and service costs when introducing redundancy
into the system, are profound. In contrast to conventional
ozone generator technology, microplasma systems oper-
ate reliably (albeit with reduced output) with ambient air
as the feedstock gas and humidity levels up to 90%, a
characteristic attributable to the water adsorption/
desorption properties and electrical breakdown strength
of nanoporous alumina. Extensive testing documents
chip and system lifetimes (MTBF) beyond 5000 h, and
efficiencies >130 g/kWh when oxygen is the feedstock
gas. Furthermore, the weight and volume of microplas-
ma systems are a factor of 3–10 lower than those for
conventional ozone systems of comparable output.
Massively parallel plasmachemical processing offers
functionality, performance, and commercial value
beyond that afforded by conventional technology and
(as discussed below) is currently in operation in a
number of countries worldwide. The ability of this
technology to accommodate room air and high levels of
humidity represents a considerable advance with respect
to conventional ozone generators that typically require
oxygen as the sole feedstock gas. For many current
products, the presence of water vapor or air in the
feedstock gas will void the warranty because of the
production of nitric acid within the reactor, thereby
decreasing the lifetime of the generator.

The commercialization of microplasma ozone gener-
ators has thus far focused on point‐of‐use applications,
such as the treatment of water for swimming pools, spas,
aquariums, fountains, agricultural irrigation, and fruit
and vegetable disinfection and preservation. Details
regarding the ∼0.3–10 g/h ozone systems currently being
manufactured by MicroPlasma Ozone and the most
widespread applications of this technology can be found

FIGURE 22 (Left) Illustration of an alternative module design for simplified assembly; (Right) photograph of a manufactured four‐chip
module.

FIGURE 23 Photograph of a two‐module unit capable of
generating 10 g/h of ozone. The completed system has an
automated control system to monitor and regulate the ozone
generation process.
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at www.mpo3tech.com. Microplasma ozone generation
technology has also been adopted by service providers
and system suppliers to address applications ranging
from air and water disinfection to semiconductor
processing. Eta Purification in Coimbatore, India
(www.etapure.com), for example, recently installed
microplasma systems throughout the Chennai Metro
Rail system for the purpose of disinfecting trains and rail
stations. Similar systems have also been deployed in
medical facilities in India.

5.2 | Disinfection of drinking water in
the developing world

In addition to the residential and commercial applica-
tions mentioned above, the distribution of solar‐
powered microplasma ozone generators to villages and
larger communities is currently being pursued in the
developing world, including several countries in Africa
and Asia. The need for safe and affordable drinking
water is especially acute in off‐grid, rural areas where
the costs of building and maintaining centralized
systems are prohibitive. The smallest microplasma
ozone units manufactured at present are based on a
single microchip producing ∼0.3 g/h of ozone. These

generators are compact and robust, and include a
rechargeable battery as well as a miniature compressor
to deliver pressurized atmospheric air to the chip.
Because of its modest power consumption, this unit is
powered by a 15W solar panel. To date, scores of these
units have been installed and monitored in 15 countries.
The largest installation to date is a field‐tested system
installed in Kisumu, Western Kenya. A joint effort of
the School of Public Health at the University of Illinois
at Chicago, the Safe Water and AIDS Project of Kenya,
and the Eden Park Foundation, this team installed in
2019 two large systems, each of which disinfects 2000 L
of drinking water each day and is entirely solar‐
powered.[45] It must be emphasized that the source of
water for this disinfection system is highly contami-
nated surface or river water. These treatment systems,
known as “Sola Maji,” which means “solar water” in
Swahili, are operated by registered, community‐based
Kenyan organizations, and the production capacity at
present is sufficient to provide safe drinking water for
approximately 100 people per site per day (Figure 24).
Sales of water at Sola Maji kiosks, along with sales of
health products and plant seedlings, are more than
adequate to meet the operating costs of the water
treatment systems. Although the water that serves as
the input to these systems is fecal‐contaminated river or

FIGURE 24 Photographs of one of the two “Sola Maji” systems in Kisumu, Kenya: (left) overall view of the first system built in Kisumu
(Site #1). The large black tank on the right is the settling tank, whereas the white tanks on the right and left are the balance and ozonation
tanks, respectively. Piping for ozone distribution and the diffusers are not visible in the photograph; (right) four solar‐powered microplasma
ozone generators (orange) operating in air and responsible for disinfection of the input river or surface water. Each unit can generate up to
0.3 g/h of ozone in humid air with a power consumption of ∼15W. Mounted onto the roof of the system, the solar panel is also not visible in
the photograph. Since installation, these kiosks have been expanded so as to not only supply clean water but also health products and plant
seedlings. Courtesy of the Eden Park Foundation.
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surface water, the drinking water that is produced meets
World Health Organization guidelines as well as
Kenyan Drinking Water Standards. Table 1 provides
representative results of tests of the turbidity and
Escherichia coli (E. coli) levels in river water, measured
before and after treatment with the system of Figure 24
(Site #1), as well as the Site #2 kiosk.

The results of Table 1 demonstrate that the mean log
removal value for E. coli at the system is >log 3 at Site #1
and close to 2 at Site #2. It should be noted that
flocculation of the raw (input) water in the first stage of
both systems made a major contribution to the pre-
removal of organic substances and impurities, but it is
also clear that ozonation was responsible for the absence
of bacteria in the finished water.

Because the solar panels, electrical systems, and
microplasma ozone technology are modular and scalable,
these decentralized, solar‐powered drinking water treat-
ment systems have considerable potential as a financially
viable and environmentally sustainable solution to the
pressing need for clean drinking water in rural communi-
ties of the developing world. Furthermore, these systems
are operated and serviced by individuals in the commu-
nity, which provides an additional source of income.

Thus far, we have focused on microplasma‐based
technologies that have been commercialized for at least
several years. In the sections to follow, several emerging
microplasma devices or systems that are at the threshold of
commercialization are introduced. For the sake of brevity,
this discussion is limited to microplasma‐assisted atomic
layer deposition (MALD), plasma treatment of biofilms
present in water distribution systems and otitis media, and
a VUV microplasma lamp for driving an atomic clock.

6 | MALD OF ELECTRONIC AND
PHOTONIC FILMS

Most deposition and etching processes employed in the
fabrication of electronic and photonic devices are
designed to proceed at thermal equilibrium. Conse-
quently, temperature is the single most important
processing parameter because the chemistry at the
substrate is governed by the Arrhenius equation. In an
effort to lower the activation energy for film growth
processes by driving the surface chemistry away from
thermal equilibrium, plasma‐enhanced ALD was intro-
duced so as to dissociate one or more of the molecular
precursors by electron impact collisions.[46–48] The intent
was to minimize the burden placed on the substrate
temperature for dissociating the molecular precursor(s)
and enhancing adatom mobility. Because of the power
consumption and physical size of microwave and RF‐
driven plasma systems, however, such systems must be
placed outside the ALD chamber, which has the
consequence of lowering the impact that the non-
equilibrium chemistry of plasmas might have on ALD
surface reactions. That is, most of the transient atomic
and molecular fragments of ALD precursors, such as
electronically and vibrationally excited species, do not
arrive at the substrate before the excitation is lost or
diminished substantially. Only the most stable fragments
of precursor molecules, virtually all of which are in the
ground electronic state, reach the surface of a grow-
ing film.

Because of the small size of microcavity plasma
devices, it has been possible to locate one or more
microplasma arrays within a reactor and in proximity to

TABLE 1 Measurements of Escherichia coli concentrations, and the turbidity of raw and finished water, showing the log removal value
(LRV) for the two Sola Maji sites in Kisumu, Kenya.

Water quality and system performance: Median (25th, 75th percentile values)

Site 1 Site 1 Site 2
Sept 2019–April 2020* May 2020–March 2021 Sept 2020–March 2021
N= 27 for raw water, LRV N= 31 for raw water, LRV N= 24 for raw water, LRV
N= 34 for finished water N= 64 for finished water N= 38 for finished water

E. coli (MPN/100ml)

Raw water 2412.0 (2412.0, 2412.0) 2412.0 (1011.5, 2412.0) 202.3 (91.7, 2419.7)

Finished water 0 (0, 1) 0 (0, 6.3) 1 (0, 16.4)

LRV 3.69 (3.19–4.57) 3.31 (2.35, 3.68) 1.71 (1.39, 2.42)

Turbidity (NTU)

Raw water 283.3 (201.7, 863.5) 282.7 (216.3, 360.3) 193.7 (102.5, 340.8)

Finished water 3.20 (2.10, 4.41) 0.80 (0.54, 1.47) 3.24 (2.51, 5.83)

LRV 2.18 (1.92, 2.35) 2.53 (2.46, 2.67) 1.39 (1.27, 2.12)

Note: Reprinted from Hendrickson et al.[45] by permission.
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the substrate. The result is that long‐lived excited species,
such as atoms or molecules in metastable states, are able
to participate in the heterogeneous film growth chemis-
try at the substrate. Furthermore, the fraction of the
power deposited into the electron gas of microcavity
plasmas that is channeled into molecular precursor
dissociation, or the electronic or vibrational excitation
of small molecules and atoms, is higher than that for
macroscopic plasmas. The result is that photonic and
electronic films of high quality, from both a materials
and electrical properties perspective, can now be
deposited at substrate temperatures well below those
required in the past.

Panels (a) and (b) of Figure 25 are diagrams of a
recently developed, MALD system in which the growth
of a wide range of oxide dielectric films has been
demonstrated. With O2 as the oxygen precursor, this
MALD process yields conformal and uniform growth of
Al2O3 films over grating structures and narrow trenches,
regardless of the film thickness, at a substrate tempera-
ture of 50°C. Figure 25c is a photograph of the reactor in
operation, and the blue glow produced by the micro-
plasma arrays when oxygen is the precursor can be seen.
When TMA serves as the Al parent molecule, the Al2O3

film growth rate is found to be constant at 2.25 Å/cycle
up to ∼700 cycles. Over the entire 20 cm2 surface area of a
5 cm diameter Si wafer, the variation (i.e., 1 standard
deviation) in the thickness of 25 nm Al2O3 films is

0.3 nm, despite the fact that the cumulative cross‐
sectional area of the microcavities in the plasma array
is only 2.5 cm2. From the viewpoint of electronic devices,
perhaps the most important result is that films grown at
50°C and postannealed at 400°C have dielectric break-
down strengths of 6.1 MV/cm,[49] which lies within a
factor of 2 of the highest values in the literature for Al2O3

films grown at much higher temperatures. Because of the
low substrate temperatures now accessible with MALD,
electronic devices can be fabricated on flexible substrates
such as PET. Aluminum oxide films grown onto PET, but
not annealed, nevertheless exhibit dielectric breakdown
strengths of 4.1 MV/cm, which is still remarkable when
one considers that PET and other polymer substrates
have melting points of ∼100°C.

With this nonthermal process, we have also grown
high quality Ga2O3 films at room temperature on
polymer substrates by once again dissociating the oxygen
dimer with microplasma arrays. The electron tempera-
ture available with microcavity plasmas enhances the
rate for the dissociation of oxygen by electron impact.
Doing so in proximity to a substrate (because of the
compact form factor of even large microplasma arrays)
leads to films and devices of exceptional performance. As
one example, photodiodes fabricated from MALD‐grown
Ga2O3 films exhibit photosensitivities more than an order
of magnitude larger than those fabricated from ALD or
CVD—grown oxide films. Figure 26 is a photograph of an

FIGURE 25 Diagrams and a photograph of the microplasma‐assisted ALD (MALD) system at the University of Illinois: (a) illustration
of the reactor chip comprising a 50 × 20 microcavity plasma array, enclosure, and top electrode; (b) cross‐sectional diagram of the assembled
array structure, showing the precursor inlet tube at right, and the exhaust exiting from the opposite side of the array (at left); (b) Diagram of
the assembled reactor having three microplasma arrays and a total processing volume of 28 × 28 × 1 cm3. (c) Photograph of the actual
experimental arrangement when the microplasma arrays are in operation with an oxygen flow. The blue glow emanating from each
microplasma array is identified for convenience. Courtesy of the University of Illinois.
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array of Ga2O3 photodetectors fabricated on a flexible
substrate. The inset to the figure is a TEM image of the
coverage of a Ga2O3 film over a patterned Si substrate.

One indication of the quality of the MALD‐deposited
films is provided in Figure 27, which shows portions of
PL spectra recorded when 220 nm (left) or 240 nm (right)
light from an optical parametric amplifier illuminates a
Ga2O3 film. This optoelectronic material has a direct
bandgap and serves as the basis of deep‐UV photodetec-
tors (cf. Figure 26) and other optical devices. Photo-
luminescence spectra such as that in Figure 27 are
indispensable for determining the position of the
conduction band edge, the presence of impurities, and
other indications of film quality. Because the bandgap
energy of Ga2O3 is ∼4.8 eV and the energy of a 222 nm
photon is 5.58 eV, the absorption of 220 nm photons, for
example, by the oxide produces free electrons in the
conduction band, having energies of only ∼0.78 eV,

which is favorable for examining impurity states lying
just below the conduction band edge.

7 | DIRECT PLASMA
TREATMENT OF BIOFILMS:
TREATMENT OF EAR INFECTIONS
AND WATER DISTRIBUTION
SYSTEMS

Approximately 80% of children in the United States are
affected by infections of the middle ear cavity from
bacterial and viral pathogens. Known as otitis media
(OM), such infections place a financial burden on
families and the healthcare system but, more impor-
tantly, the accumulation of fluid in the middle ear cavity
may result in hearing loss that impacts speech and
language development in children. Of greatest concern is
that the prescription of antibiotics for OM has been
found to be largely ineffective, primarily because chronic
and recurrent OM is known to be the result of the
development of a bacterial biofilm in the middle ear.
Biofilms, consisting of an extracellular matrix harboring
an aggregate of bacterial or viral pathogens and attached
to a surface, are responsible for a range of infections in
humans and, specifically, appear to be the culprit
responsible for the rising resistance of OM infections to
antibiotics with time, as well as the recurrence of
infections.

Studies conducted at the University of Illinois have
demonstrated the effectiveness of arrays of microplasmas
in effectively disrupting and deactivating biofilms, and
the pathogens they may contain, at room temperature
and with modest exposures of the biofilm to the low‐
temperature plasma. As shown in Figure 28, for example,
tests conducted recently with models of the human ear
show that exposing pathogen‐bearing biofilms to micro-
plasma is effective in increasing the sensitivity, or

FIGURE 26 A flexible array of metal–semiconductor–metal
(MSM) Ga2O3 photodetectors fabricated on a polymer (PET)
substrate by microplasma‐assisted atomic layer deposition. Images
courtesy of the University of Illinois.

FIGURE 27 Portions of the photoluminescence spectra recorded by illuminating Ga2O3 nanofilms with (left) 220 nm or (right) 240 nm
light from a tunable optical parametric amplifier. Courtesy of the University of Illinois.
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susceptibility, of the virus or bacteria to antibiotics.
Specifically, biofilms containing Pseudomonas aeruginosa
were grown onto one side of the human eardrum model
and then exposed to microplasma incident on the
synthetic eardrum from the other side. Such an arrange-
ment was necessary to determine if gas‐phase reactive
species generated by the plasma would be able to
penetrate the human eardrum and, if so, would the
fraction of such excited atoms and molecules emerging
from the “downstream” or middle ear face of the
eardrum be sufficient to deactivate P. aeruginosa? The
data in Figure 28 demonstrate that the exposure of
the biofilm (through the eardrum model) to microplasma
does, indeed, sensitize the pathogen to antibiotics. As
shown in Figure 28b, 20 min of exposure to a biofilm
results in drug dilutions of ∼0.1 to be achieved. When
planktonic P. aeruginosa cells are exposed to low‐
temperature plasma (Figure 28a), the results are even
more dramatic. The conclusion of this initial study is,
therefore, that the exposure of middle ear infections to
the reactive species generated in a microplasma reduces
significantly the dosage of antibiotics required to disrupt
the biofilm and deactivate the desired pathogen.

Because the results of Figure 28 are encouraging
insofar as the development of a hybrid plasma/antibiotic
treatment for OM is concerned, several plasma devices
designed to deliver microplasma to the exterior face of the
human eardrum are under development, and the modified
physician's otoscope presented in Figure 29 is the first of
these to be demonstrated. The replaceable speculum
illustrated in Figure 29b,c is modified from a conventional
speculum so as to include eight microchannels through

which plasma is able to propagate toward the speculum's
tip. Figure 29c shows the microplasma otoscope operating
with neon for the sake of clarity. Another, more compact
form of the speculum is illustrated in Figure 29e. The
“earbud” geometry is well‐suited to longer exposures or
periodic treatments of middle ear infections while
maximizing the comfort of patients.

Biofilms are also prevalent in both residential and
municipal water systems, and tests have again demon-
strated the efficacy of microplasma in disrupting or
destroying biofilms and deactivating the pathogens (such
as Legionella) that they may harbor.[50] An illustration of
a conventional plumber's snake, modified so as to
incorporate a linear array of radially propagating
microplasmas, is shown in Figure 30.

8 | OPTICAL DRIVERS FOR
ATOMIC CLOCKS: SELECTIVE
EXCITATION OF THE 194 nm Hg+

TRANSITION BY ATMOSPHERIC
PRESSURE CHEMISTRY

Another compelling example of the unanticipated scientific
pathways and applications that have become accessible
because of the properties of microplasmas is that of optical
sources for driving atomic clocks. A wide range of
applications for lamps and lasers, for example, require
access to visible, UV, and VUV transitions involving excited
states of the singly ionized species. One of these is the
microwave Hg ion clock, which requires VUV emission
locked to the 6 P1/2→ 6 2S1/2 transition of the singly charged

FIGURE 28 Results of the measurements of the susceptibility of Pseudomonas aeruginosa to antibiotics in combination with
microplasma treatment of synthetic biofilms. (a) Measurements for planktonic P. aeruginosa and microplasma array treatments ranging
from 0 s (control) to 20min; (b) Similar drug susceptibility measurements for a 4‐day‐old P. aeruginosa biofilm, with control data compared
to 20min of microplasma treatment. The intensity (ordinate) in the two graphs represents the normalized absorbance from an assay
measuring the viability of P. aeruginosa. The error bars denote standard deviations in the measurements. Reprinted from Sun et al.,[55] by
permission.

22 of 27 | KIM ET AL.



Hg ion at 194.23 nm.[51] Based on the Hg ion trap
introduced a half‐century ago,[52,53] the Hg+ clock operates
at the highest frequency of all ion clocks (40.5073GHz),
which is primarily responsible for its immunity to stray or
ambient magnetic fields, relative to, for example, the Rb
6.8 GHz clock. Expected to be the first of a series of new
UV/VUV lamps, the 194 nm Hg ion lamp is made possible
by reliance on heavy‐particle collisions in atmospheric‐
pressure microplasmas to selectively populate the upper
state of the desired atomic transition. In contrast to
conventional, non‐thermal commercial plasma lamps that
are, without exception, excited by electron‐impact collisions
in low‐pressure plasmas, the Hg+ lamp is based on the
principle of routing power to the desired radiating states
through gas‐phase chemistry at background pressures of
1 bar and beyond.

A team comprising the University of Illinois, EPI, and
EPL Power Electronics has successfully developed a
series of miniature, microcavity plasma lamps specifi-
cally designed as the optical pump for the microwave
199Hg‐ion atomic clock (40.5073 GHz). Replacing low
pressure, RF‐powered Ar/Hg discharges, these miniature

lamps generate intense fluorescence on the 194.23 nm
transition of the singly charged Hg ion in arrays of
cylindrical microplasmas through electron‐impact excita-
tion of He, followed by three‐body formation of the
He2(a

3 Σu
+) excited dimer and Penning ionization of Hg.

This kinetic sequence selectively populates the upper
state for the 194 nm transition, resulting in the experi-
mental observation that <1% of the 194 nm fluorescence
produced by the lamp is generated by direct (or two‐step)
electron impact ionization. Rather, virtually all of the
VUV emission is the result of excitation transfer from the
He2(a

3 Σu
+) molecule. Figure 31 shows two photographs

of a miniature microcavity plasma lamp (viewed at
normal incidence), operating in an He/202Hg mixture
and developed for the purpose of optically driving 199Hg
ion clocks built at the Jet Propulsion Laboratory (JPL) in
California. The width and height of the fused silica
window are 4 and 6mm, respectively, whereas the
emitting area of the array itself is <4mm2.

In an effort to reduce the weight and volume of the
VUV lamp and its power supply by at least an order of
magnitude (relative to conventional RF‐powered lamps

FIGURE 29 Two designs of devices for delivering microplasma to the human ear: a standard otoscope is shown in (a), and (b–d)
illustrate a modified otoscope in which an array of microchannels provide for the propagation of low‐temperature plasma to the human
eardrum. The speculum is again disposable, and panel (c) presents photographs of the modified otoscope in operation with neon as a test gas
(for the purpose of visibility). These microplasma specula were fabricated by 3D printing. A more compact, microplasma‐delivering
speculum in the form of an earbud is illustrated by panel (e). The hollow center space for both designs in (d) and (e) provides visual access
for the physician to the eardrum. Reprinted from Sun et al.,[55] by permission.
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for driving the Hg ion clock), a series of new miniature
power supplies, designed by EPL Power Electronics, have
been designed and tested, two of which are shown in
Figure 32. These power supplies have a volume of <60 cm3

and offer PRFs ranging from 120 to 400 kHz and unipolar
pulse voltages up to 5 kV, if necessary. In practice, the pulse
voltage is typically 2.2 kV. The motivation behind the upper
limit of 400 kHz for the PRF of one power supply is to
improve the duty cycle of the lamp to 8%, an unprecedented
value for a deep‐UV or VUV lamp. It should be mentioned
that the risetimes of the voltage pulses generated by the
power supplies shown at left and right in Figure 32 are
< 100 ns and ∼30 ns, respectively.

The synergy between the design of the microplasma
lamp and the compact power supplies described above
has resulted in lighter and smaller Hg ion atomic clocks
of significantly improved performance. Figure 33 pres-
ents data summarizing the performance of microplasma
lamp‐driven 199Hg‐ion atomic clocks built at JPL. The
Allan deviation measurements of panel (c) demonstrate
that the stability floor for the clock is ∼10−14, and the ion
storage time (Figure 33a) is >50 h. Of most importance
for the short‐term performance of the clock, and
reducing its weight and volume, however, is the data of
Figure 33b which compares the number of fluorescence
counts produced by the microplasma lamp with those

FIGURE 30 Illustration of a plumber's
snake into which radially symmetric
microplasma devices have been inserted. The
use of a miniature camera to guide the snake
through commercial or residential plumbing
is also indicated. Reprinted from Sun
et al.,[50] by permission.

FIGURE 31 Photographs of the smallest
microplasma lamps manufactured to date,
and incorporated into 199Hg ion atomic
clocks at the Jet Propulsion Laboratory (JPL).
These miniature lamps have a single linear
array of microcavities designed for optical
coupling of 194 nm fluorescence to the high
aspect‐ratio ion trap. The width of the fused
silica window is 4 mm. Reprinted from Park
et al.,[54] by permission.
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produced by a much larger, conventional optical source –
an RF‐powered, Ar/Hg lamp in which the upper state for
the 194 nm transition is populated by one‐ and two‐step
electron impact ionization of Hg. Despite the reduction

in the internal volume of the microplasma lamp by a factor
of ∼45 (relative to the low‐pressure Ar/Hg lamp), the
number of counts is significantly higher for the micro-
plasma lamp. These results illustrate vividly the immediate

FIGURE 32 (Top row): Two different designs for miniature power supplies developed for optically driving 202Hg ion lamps such as that
in Figure 31. These power supplies are designed to generate pulses having peak voltages up to ∼4.4 kV and at a pulse repetition frequency of
120 kHz; (bottom) representative voltage waveform for a pulse repetition frequency of 120 kHz.

FIGURE 33 Representative data summarizing the performance of JPL 199Hg‐ion atomic clocks (40.5073 GHz) driven by a microplasma‐
powered 202Hg/He lamp. Panel (a) shows the Hg ion storage time and (c) presents the Allan deviation measurements obtained with a
hydrogen maser or quartz oscillator. The most salient results are those of panel (b), however, which demonstrates that the microplasma
lamp delivers significantly more 194 nm photons to the ion trap than does a conventional, RF‐powered Ar/Hg lamp. Reprinted from
Hoang et al.,[51] by permission.
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impact of the unique properties of microplasmas on the
performance of an electronic or photonic system.

9 | CONCLUSION

The first portion of this review highlighted one of the most
significant advances that have flowed from microplasma
technology—the efficient generation of deep‐UV/VUV
photons in a compact form factor. Steering gas‐phase
chemistry so as to specifically populate a few atomic and
molecular states is valuable not only for generating short
wavelength radiation but also for selectively producing
desired chemical products. Perhaps the combination of
short wavelength light and tailored heavy‐particle collision
pathways will prove to be capable of efficiently producing
ammonia, for example, thereby allowing fertilizer manufac-
turers to move beyond the classic Haber–Bosch process.

Subsequent sections have briefly described the dis-
infection of water in off‐grid locations worldwide with solar‐
powered microplasma generators, materials analysis with
deep‐UV light, and medical therapeutics with arrays of
columnar microplasmas. Other emerging applications of
compact and efficient ozone generators include the
preservation of fruit and vegetables without sole reliance
on refrigeration. Similarly, the ability of deep‐UV and VUV
light to probe the electronic structure of materials will
undoubtedly become a mandatory diagnostic in quality
control and the manufacturing of electronic and photonic
semiconductor devices. Finally, the ability of plasmas to
disinfect human tissue has been well‐documented by the
low‐temperature plasma science community, but micro-
plasmas offer the capability for increased production rates of
molecular radicals and excited species, relative to those
available with macroscopic, low‐pressure plasmas. It is
likely, therefore, that microplasma arrays will prove
beneficial in disrupting and removing biofilms, other than
OM, which also pose risks to the health of humans and
animals. Microplasma‐based tools compatible with plumb-
ing systems appear to be poised to become prevalent in the
elimination of pathogens such as Legionella that can appear
in residential and municipal water distribution systems.

Following a decade of laboratory development
(1996–2007), microcavity plasmas entered the commer-
cial realm and their applications in fields as diverse as
nano‐ and microfabrication, materials analysis, the
disinfection of drinking water, and driving atomic clocks
have proven to be significant over the past 15 years. It is
our expectation, however, that the years ahead will be
more fruitful as brilliant colleagues worldwide pursue
novel applications, as well as frontiers in plasma science,
not recognized at present. The progress of microplasma
technology is likely to accelerate since the products

provided by microplasmas, such as molecular radicals,
free electrons, and short‐wavelength light, appear to offer
solutions in plant biology, electromagnetics, photovol-
taics, and manufacturing, among others.
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